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l«holnIw ■? "=ce,ver(10), for sensing acoustic waves and generating 

orthogonal inaxial acousuc rcspon.^s data representative of said acoustic waves if 
disclosed^ 11,0 receiver has at leas, four acoustic sen.sors oriented in aU^'fo^ 
(•.6- '8- 20. and 22). Each of the acoustic scn.sors is ad^ted to 
produce an electncal signal in response to an acoustic wave impinging ihemon The 
>nven ,ve acousuc receiver also includes means for combining Aedeclricrstnals 
to y,eld orthogonal tnaxial acoustic response data. In one embodiment the meansTo 
comb,n,ng the electncal signals comprises wiring the acoustic sensors in two series 
patn. to produce a combined output along two of the three orthogonal axes (6 and 

Teru^sticteircTr^-""'"^-^"'-^'^^ 
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ACOUSTIC RECEIVFJ? 



FIELD OF THE INVF.NTTnivr 

This invention relates generally to the field of acoustic monitoring for seismic 
or microseismic purposes. More specificaUy, the present invention is an acoustic 
receiver for sensing acoustic waves propagating through subterranean formations and 
generating triaxial acoustic response data representative of the waves. 

BACKGRO UND OF TFTE INVENTTONT 

In the production of hydrocarbons or the like from subterranean formations, it 
is common to hydrauhcaUy fracture a producing formation to increase the productivity 
from the formation. In a typical hydrauUc firacturing operation, fluid is injected 
through the wellbore and into the formation at a high flow rate and at a pressure ^ 
greater than the earth stress in the formation. This causes fractures to form in the 
formation, which fractures generally begin at the wellbore and radiate lateraUy away ^ 
from the wellbore. It is desirable to know the length and direction (azimuth angle) of 
the fracture extending away from the weU in order to predict with greater accuracy the 
influences of the fracture on the flow of fluids in the zone of interest. It is also 
important to determine the vertical extent of the hydraulic fracturing to determine if the 
fracture has grown to intersect other permeable zones above or below the zone of 
interest. As described forther below, it is well known that an indication of hydraulic 
fracture direction, or azimuth angle, can be derived from microseismic events-also 
known as low energy acoustic emissions or waves in the earth-occurring when the 
hydraulic fracture is formed. 

For subterranean waste disposal purposes, it is also important to know whether 
a hydrauHc fracture has penetrated an impermeable barrier layer. Because the waste 
disposal fluids may be a brine, radioactive material, or a hazardous chemical waste 
stream, it is desirable to be able to detect possible movement of the disposal fluid out 
of the intended injection zone. Detection of microseismic events originating beyond an 
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impermeable barrier which bounds the intended injection zone can indicate such 
naovement. 

• ' •* *'* 

Microseisroic events may also be produced in the subsurface. by- processes other 
than induced hydraulic fracturing of wells or pressure changes in a reservoir. For 
5 example, subsidence accompanying reservoir pressure reduction may lead to 
- movement df piles or other equipment' at the surface or seabed above a reservoir, 
producing additioiial microseismic events!; Also, increase in pressure inside the casing 
' of a well may cause^mechanical failure of the cement sheath around the casing, and an 
acoustic wave may originate from' v6ry hear' the casing. If there is communication of 
10 -fluid pressure along the wbllbore' outside the casing 'because of lack of a hydraulic seal 
' by the cement, the pressure changes may cause microseismic events originating very 

near the casing. There inay be a need to determine the location of these microseismic 
V - eveiits'or the magmtude'of these eve^^ 

Fuithennpre, sources of acoustic: waves in theisubsu 
15 naicroseismic events. For example, a well flowing uncontrolled to the^surfece of the 
earth, called a "blowout", may flow at such high rates that significant acoustic noise is 
>created'atthe bottom or ut other segments of th^ There is often a need to locate 
thesource of this noise 'in order to" ^^sistin aittenipts to stop the uncontrolled flow. 
» • : ' Measurements of the- source of the noise may be made from offset wells. 

20 Wellbore acoustic.receiyers for .detecting microseismic events or acoustic 

. waves in a well have .become widely availa.ble in recent years: . An acoustic wave will 
travel away from the source yvi^^^^prqxmate^^ spherical wave .fronts consisting of a 
. compressional. "P"-wave pliase and^a.shear: "S".-^ave phase, which can»be used to 
^. . determine Ae sour^ Gonyentioned: acoustic receivers ^tj^ three 

25 mutually orthogonal, seismic sensors (geppho for collecting 

three-component (1,6,-^ ?^y,z).date.and.inclu the^redeivers to the 

casing of a well. The seismic signals received .are transmitted to the surface 'of the 
earth by various means (e.g., conventional wireline) and are then processed to 
determine the seismic source location. Signals from acoustic receivers can be 



Tr'''"'' . PCT/US«l/,969r. 



transmitted to the surface over wireline using frequency modulated telemetry signals, 
the multiple individual signals are recovered at the surface by bandpass filtering and 
converted to amplitude modulated signals. Alternatively, signals from the receivers 
may be digitized downhole and transmitted to ihk surface in real-time over a fiber optic 
5^ cable or copper wire. ■ •' ■ • . . : :. 

However, it may be difficult to obtain useable data fi-om conventional acoustic 
receivers because microseismic events generated by induced. hydraulic fractures or 
arising from other sources vary widely in amplitude... The amplitudes of events m the 
.... .'f^® interest for microseismic monitoring inay vary by four or more, orders of 
lb m^tude as a result of source ^ariabihty and attenuation due.tp source receiver 
.^.®P^^;^°^: The dynamic range of the signals may exceed the dynamic range of the 
acoustiq receiver. M adcUtion tq tWs signal ampUtude problem, there are geometric 
considerations related to sensor placement wtuch-,cause, additional variability in the 
apparent signal strength of an acoustic emission detected by conventional acoustic 
15.- .- :;r.eceiversi.. The^inventive device is designed to 'mitigate th^se geometry effects on agnal 
■ . rejception. . ■ '. • r • . ■ 'J-' • ■ ' ' • ■ ■" • • -' ' 

• . , .: ' , -. - ■ • i- " y ■ . .■- ^ 

^95^ acoustic receivers used for vertipal seismic p 

, ,r °^°Sonal triaxial set of sensors, often geophones, with.qpe sensor;Oriented along the 

weUbore ajds and two orthogonaJ^ sensprs inthiQ prthogQnalr.plane .to record the full 
10 three-component (x-y-z) response vector. The strength of the acoustic sensor hnpulse 
. reading 5viU depend on theaaipfitude-ofthe seismic event as well as the position of the 
V sasmic event relative to the acbtisitic receiver If the angle between the axik" of an 
.. . aooustic sensor and the impin^^ aeousti'c ienergy is imd^ theii the fiill event 
a^Utude is.a.pplied to ;that acoustic sensbr: HdW'ever; If ithe' aiigle is large, perhaps 
5 , nearly. then :the appUed sigHal sfreh|tK'al6ni-thea^^^^ 
V W**®** ^-amplitude levd^may bebfel6w the fii&''ifcoukJ£'-i^onLe-thr^shoId of 
rthe sensor.':: This .geometric factcJr- farthfef adds to the difficult'dynaihic ra^e problem 
. that ^sts as aresultofthesourde niagriitude varia ' " ' ' 
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Accordingly, there is a need for an improved acoustic receiver design that has a 
more balanced response, without foil dependence for wayeform recording on a sensor 
that may be nearly orthogonal to the impinging acoustic wave motion. This would 
allow the response of the acoustic receiver to be subject to only the dynamic range 
5 variabiUty of the seismic source without dependence ok the geometric factors 
associated with position of the seismic event relative to the acoustic sensor. 

. » : SUMMARY OF THE l]>JVENTldN 

. . , : The present invention is an acoustic receiver for sensing acoustic waves 

and generating orthogonal triaxial acoustic response data representative of the acoustic 
10 waves. The acoustic receiver of the pfesentinverition comprises at least fdur acoustic 
sensors oriented in at least four different directions. Each of the acoustic sensors'is 

adapted to produce an electrical signal in response to an acoustic wave impinging on 

. .1 / : "j-r ■ :\ i:. »i^J> r.-.. ;i\:r. i- : " • • 

* the" sensors? * The acoustic receiver forther comprises a means, for combining, the 

eledtncal signals to yield orthogonal triaxial acoustic response data. . In one 

15 embodiment, the acoustic receiver comprises at least five acoustic sensors oriented in 

at least five different directions: The. acoustic sensors are wired^in -series pairs to 

^ . produce a cQmbined output along t\yo . of the three orthogonal axes, and one acoustic 

sensor is oriented substantially parallel to the longitudinal axis of the acoustic receiver. 

• ' ♦ In another fembodinient, at least: one of the acoustic sensors is oriented substantially 

'20 .= ' -parallel to 'the longitudinal axis'bf the acoustic receiver and four of the acoustic sensors 

are angularly oriented at approximately 0^, 45^ 90^'and 13 S*', respectively, from a 

designated reference position. A niethod for .sensing;apqustic Avaves.and generating 

orthogonal triaxial acoustic response data reprjesentative ^pf the acoustic waves is also 

disclosed. The method co^nprise^ proving at least four, acoustic sensors oriented in 

25 at least four different directions, with .eaph of the acoustic, sensors adapted to/produce 

an electric^ signal in response to an.acoustic waye impinging:thereon and. combining 

said electrical signals, to yield prthogonal t^ , /• 
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^ BRIEF DES CRIPTTON OF THE DRAWFVris 

• • For a better understanding of the present invention, reference may be made to 
- ' ' tEe accompanying dravv^gs; in which: - . . 

FIO. 1 illustrates..one embodiment of the inventive afcoiistic receiver of the 
5 present iijvention _ -.. ■ ., . 

FIG. 2 illustrate^ the use of the i^yentive; acoustic receiver in a well. 

; , -, • . . .. ^ ^ Pl°t °f calculated azimuth angle (degrees) versus depth (feet) 
. - . for a tool, having two; inventive-acoustic receivers (and a-third conventiohal acoustic 
. . .^i^^ comparatiye purposes) and a tool having three 'conventional triaxiaF' 
10_ .acoustic recdvers. . . .-• . ■ , :. ...r , 

. , . .... FIG. 4 is a plot of the calculated' Azimuth angle er^^^ 

(feet) for the field test of the tool having two inyentive.acoustic receivers and one 
conventional acoustic receiver. 



-J, 



. : " ELG.'.$. is a .plot of -tfie-aisiisiutli angte errbr (degrees)' •v^ersu^ deptH of 
15, . . -measurement (feet), for the tool havingtoe cbhventi6ndl tnbdal ac6u§tic" ricew^^^ 

. ^ *»n''.^.j%s^ate hpdpgr?im plots (i.e pf the field 

test' results for tiie inventive acxmstic f?c«ivers.(FIG.. 6^ and and,^^^ ^conventional 
" acoustic receiver (FIG. 6A) 

■ r . . v. Theinventibh'wiU'bedesbiib^ain^odne^^^ 
•;20. .: .However, to the'^entfhatthefoUowiiig det^ed dekcrf^tion is specific aparticular 

' .....einbodiment-br a-particuiar use of^e inventibii: "this is intended to be illusti^ative only, 
. ... . -. .and is notto be^eonstiue'd as liJaitihg the 'scope of t^e-ihvedtiba 6n the contiaiy, k is 
intended to- cov€Em'atbraatiVes, M 

included witiiin the-spinfand icop^'oMfe iiiVbntion; as de^6d'liy the appended 
25 claims. 
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DETAILED DESCRIPTION OF THE INVENTION 

The present invention is an acoustic receiver for sensing acoustic waves and 
generating orthogonal triaxial acoustic response data representative of the acoustic 
waves. The acoustic receiver of the present invention conaprises at least four acoustic 
5 sensors (such as geophones or accelerometers) oriented iii^^at least four different 
directions. Each of the acoustic sensors is adapted to produce an electrical signal in 
response to an acoustic wave impinging on the sensor. Although the output of the 
sensor package is preferably "triaxial" in the sense that the measurements transmitted 
■ to the surface are the responses along three orthogonal coordinate directions, at least 
10 one additional sensor is used in the invention, versus typical receivers which use three 
orthogonal sensors. Accordingly, the sensor package of the inventive acoustic receiver 
iio longer forms a strictly orthogonal triaxial set. The sensor outputs must be 
combined through an active or passive electronic network to yield the. desired triaxial 
" rneasurements. 

15 The outputs of randonily-orieiife^d sensors can be des 

follows. An orthogonal set of "rfleasureinerit" axes x, y, 'and zis assumed, x , y , and 
z are unit magnitude tliree-component direction vectors in threei mutually orthogonal 
directions; is a direction vector oriented in the cUrection of the j* acoustic sensor. 
Four or more sensors (n^j4) are oriented along the direction vectors Oj-. -The output 

20 ^ time series response of the j^' sehsor is denoted by Sj(t). The time seriies nieasurements 
x(t), y(t);. and z(t) may be written as the summation of time series components along 
- the respective axes of each- sensor using the vector idnW product! The* resjionse 
, • components inust also be normalized* by the suia'of the'projedtibns ofthe seisor axes 
: .:onto,the ojjtput response, axes. : These relations' may be written as foll^ 



25 



. : x(t)^ ^^;;-^'^ ' ' — " ' ' CEijuktiori l) 
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. . • --•2(y-Uj)siCt)-- ^ 

y(t) = -Cl- . (Equation 2) 

|^(z.Uj)Si(t) .■ 
. ' ^(t) = -^V — (Equation3) 

J=i , . • , 

These equations illustrate that the acoustic energy output along any axis may 
be obtained by appropriate Jinear combination of the outputs of arbitrarily oriented 

• sensors; weighted by appropriate trigonometric factors known to those skilled in the 
ait. Multiple sensor cofmbixiations may be considered to facilitate constructive and 
'desfructive interference along specific coordinate directions. In a preferred 
embodiment, the acoustic sensors are wired in two series pairs to produce the 
combined output along each orthogonal axis, and one acoustic sensor is oriented - ' 

: .?v»^stantially parallel- tQ-the longitudinal.axis of the acoustic receiver^ This elhninate^ 
the need for .electronic gain and -.summation cif cuits to formulate the linear ■ • --^ 
combinations... , • . , . .. ^ . . 



-15 FIG. 1 illustrates one eiirifocimW bf the inventive acoustic receiver 10 of the 

. .present invention- For purpos&s' 'of-tMs-desfcriptioh,-the Scbustic re^^^^^ 10 is placed 
. . ill the ;weU (not shown) suc|i^that .the .lofigitudinal axis 6. of receiver. 10 is substantiaUy 
.PFallelto the longitudinal axis.of the w.eU.; Acoustic jeceiver 10 includes a set of four 
seflsprs, ,14, 16, i8,_.and 20 (gepphpnesror accelerometers) airanged in receiver 
.20 housing 8. Sensors 14 and are. oriented at (HrA)<22:5° to SieX-axis and sensors 18 
and 20.^e o.riented-at (+/-) 2a.5!.;to the- Y-axis. ^The-XiaSaS chafinel is found by wiring 
the sensors 14 and 16 in series, and the Y axis channel is obtained by wiring sensors 18 
and 20 in s^es. The effect of series combination of the sensbrs is to cause 
constructive and destructivejinterfercQce as describal.below^^r Acqustic receiver 10 
25 also inchjdes sensor 22 which measures the response anipiitude along the longitudinal 
- axis 6 of the acoustic receiver 10. 
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The X axis response to motion along the X-axis is the average of GXl and 
GX2 with a gain of (cos (22.5°) + cos (-22.5°) = 1.848), where GXl is the response 
amplitude of sensor 16, 0X2 is the response amplitude of sensor.l4, arid cos (+/-22.5) 
is the projection of the source vector onto the respective.sensoi; axes. This is an 
5 example of constructive interference. Similarly, the X axis response to;motion along 
the perpendicular Y-axis is the average of GXl and GX2 with zero gain, (sin (22. 5 °) + 
sin (-22.5°) = 0), Ulustrating destructive interference. . . .. i 

, ' Altemafively- the outputs of th^ four cross-axis sensors in FIG. 1 could be 
combined- electronically as in Equations 1-3 using geometric weights as follows: 

10 X = [cos (22._5°)*(GX1 + GX2) .j-.sin (22,5°)'^(GY1 - Gy2)]/1.848; and 

- Y = [cos (22.5^)*(GY1 + GY2) V^sin (22:5°)*(GX1 - GX2)]/1.848; 

- ' where-GYf is' A^^^ sensor I'S^aiid GY2 is the response amplitude 

• of sefhsor 20. " This combination via dectronic circuits is feasible but not preferred for 
15 ■ four 'seiisofs due to th^e acldilional cost and* complexity. However, for a different 
" ' number of sensojTS, or'for ir'aridomiy oriented sensors, the combination via electronic 
* ' circuits inay' be^preferr^d aiso lisih^ the methods of Equations 1 -3 . 

Thus with the.acousti of the present mvention,' the angular spacings 

of the sensors may be significantly less than 90° m order to improve the resolution of 
20 - the azimuth angle mea:surenaents calfculated fir'oiii the data'recorded. In one 

... '.c embodimerit;4bi- 6xan^ least one of the acousftic sensors is oriented substantially 
..'t ;piarallel to theiion^itudinal'axis of the-acoustic ireceiver to detect vibrations along the 
'y. ; : wellbore ajd'ST^M ^our bf t kcoustic sensors'' are angularly oriented at approximately 

• ' :0°,. 45*?, :90^, arid ISS'^/respecfively; frorri a d6sighateii reference position. In this 

25 embodiment, the acoustic sensors orientbd d^^ and 45 are wired iii series to form the 
.- "x" channel- anid the sensbrs oriented 'at S^O^^ itod i s S"* ke wired in SOTesto'formA^ 

• "y"^ channel, the bofiniiion' shared aias the bisected angle of tte individual sensor 



FIELD TEST 

' - • The performance of one embodiment of the inventive acoustic receiver was 
evaluated under controUed test conditions in a shaUow test weU. The data was 
recorded -and transmtted to the surface using a "TAJBS tobl wMch is described in 
5 U.S. Patenfe-5,747,750 and 5,917, 160. Referring now to FIG. 2, a borehole seismic 
- tool 30 was placed in weU 12 at sonie point in casing 1 1 using wireline 19, which was a 
conventional seven-conducto^" electric wireline (but could be a fiber optic cable or 
copper wire for digital data transmission). The seismic tool 30 was equipped with 
three acoustic receivers 31, 32 and 33. and . electronic, data telemetry module 36 and 
10 gyro module 39. The data telemetry module 36 encodes the geophone amplitude 
. . response on multiple frequency-modulated data channels for transmission to the ' 
surface, and ^e gyro module 39 provides the oriejitation of the tool 30. Acoustic 
receiver 31 was configured with one conventional triaxial geophone sensor package, 
wWle acpustic.rec^yers ^2 and 33 were configured. ywth one, embodim^^^ pf the - 
acoustic receiver of the present invention, ^ as illustrated in FIG. 1 The sei.s.mic todl 30 
was clainped to the wellbore 12 witt^ clamps 3.4, 35, and 37 at depths..from.200 tpr700 
feet below thp surface 17 of the ^.to record acQustic.impuJlses generated in an 
offset well 38. The ofl&et "source", 35 wasJocatied appro?dmately,2S0 feet away 
from "monitoring" weU 12. Acoustic impulses 5 were generated by setting off 1 gram 
20 - "caip': charges of dynamite at- a depth of 20'G ft ih the source ^ell 38: 

The data recorded in the fidji test wfa:e eiyaluated^to determine .thevpalculatedr 
azin^uth angle to tii^ source weU 38 from.the n;ionitoring,well 12 using "ho.dogram" 
palyas, which a^e XrY.crossplots wijtli rej^essioii an^ the .best fit. 

. The resulte as illustra^^^^ 3 through 6 ^shcrw- the superior response, of a tool 

25 _ cqnsistmg of two iny^ntiv^ ^5?SSJic receivers in comparisoD to a tool with.three 
conyentiongl Mapdal acoustip.r^cpiyers.. F^^^ a plqt of.the,calculated azunuth 

of the azunuth angle, rei)resented.by thejSQlid^iine 4p,.was. 309^. The :!■" points (e.g., 
41), represent the measurements recorded by the tool 30 with two inventive acoustic 



is 
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receivers, and the "a" points (e.g., 42) represent the measurements from prior tests of 
a tool consisting of three conventional acoustic receivers. The calculated azimuth 
angle for thetool with two inventive acoustic receivei-s was 3 10.5® vwth a standard 
deviation of .8:5®, while the calculated azimuth angle ibi the tool with three 
5 ' * conventional acoustic receivers was 307.8'', with a standard deviation of 10.5°. 

, . ■ * ■ ' i • ' * 

FIG. 4 is a plot of the azimuth error (degrees) and the depth (feet) for the tool 
having two inventive acoustic receivers and one conventional acoustic receiver (for 
comparative purposes); FIG. 5 is a plot of the aziniuth error (degrees) and the depth 
(feet) for the tool with three conventional triaxial acoustic receivers. The test data 

10 illustrated on these charts showed a reduction in the standard deviation of the data 

from 10.5° for the tool having three" conventional acoustic' receivers to 8.5° for the the 
tool having two inventive acoustic receivers. The maximum error for the test data is 
reduced from 20° for the tool having tiiree conventional acoustic receivers to 14° for 
the tool having two inventive acoustic receivers. There is more scatter (less 

15 consistency) for the tool having three conventional acoustic receivers than for the tool 
having two inventive acoustic receivers. 

FIGS, 6A-6C shows the hodogram crossplot analysis (derived from the data 
obtained from tool 30 having one conventional acoustic receiver 31 and two inventive 
acoustic receivers 32 and 33) indicating the improvement in the data quality. A 

20 hodogram is a plot of the output of a geophone in one durection versus the output of 
the geophone in another direction, such as the x-direction versus the y-direction. As 
seen in the crossplots of FIG. 6, the results for the inventive acoustic receivers 32 
and 33 are more elliptical in nature (Figure 6B and 6C) thaa the crossplot results for 
the conventional receiver 31 (Figure 6A). The ellipses that have been fit to the data 

25 have both major and minor axes. The length of each is determined by the amphtude of 
the projections of the receiver data onto the axes, such that a smaller minor axis 
corresponds to less amphtude in the data along the orthogonal direction Since the 
recorded data consists of P wave energy, the ellipses should be oriented towards the 
source direction and have a short minor axis. 
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. The iBventive device would also be usefial in other geophysical applications in 
which dat^ quality and sensor sensitivity are, critical. Examples include four 
. , coii^ponent time lapse seismic (4C/4D) which has been.applied bbth on the surface and 
in the marine .environment using ocean-bottom cables. Accurate recording of seismic 
. data.is an important consideration.for such P and S wave sutvq^s, particularly when 
there is limited control over certain variables (e.g., surface noise, wave action, noise 
' induced by currents and geophone coupling). 

- V appreciated that y/hile, the present invention, has been primarily 

^descfibelwith regard to. the, foregoing embodimentSi it should be.understood that 
yariations and. mQdmcations^ may be ^made ia the embodiments described herein without 
departing.frcim the broad inventive concept disclosed above or, claimed hereafter. ^ 
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We Claim: 

!• An acoustic receiver for sensing acoustic waves and generating 
orthogonal triaxial acoustic response data representative of said acoustic waves, said 
acoustic receiver comprising: 
5 .at, least four acoustic ^sensors oriented in at least four different directions, 

each of said acoustic sensors adapted to produce an electrical signal 
in response to an acoustic wave impinging thereon; and 
irieans for combining said electrical signals to yield orthogonal triaxial 
^ - ' * acoiistic resj)onse data. ' 

10 2. The acoustic receiver of Claim 1, wherein said acoustic receiver 

, comprises at least fiye.acoustic sensors* oriented in at least five different directions 
. arid . wherein, said means, for^combining comprises wiring said 

^ .ac^oustiCysensp^^^^ of the 

three orthpgonaI;.axes:and wherein onfe aebustic senydr is oriented substantially 
15 parallel to the longitudinal axis, of said acoustic receiver. ; 

3. ' -^'^ - The' acoustic receiver of Claim 1, wherein said means for combining 
: said electrical signals' cbinjprises elecitrbriic gain and sunnnaation circuits adapted to 
' fonnulatfe 'skid-drthogbfial triaxial '2tc6usitic response data according to the following 
^:^equatioris: ? ^ ' • " * ' ^ 

20 X(t)=-fcl;^ 
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z(t) = 



-13 

i:(2-a,>,(0 



j=1 



where x(t), y(t), and z(t) are said orthogonal triaxial "acoustic response data; 
= Xr y . and z. are unit magnitude direction vectors in three mutually 
.:• orthogonal directions; Uj ' is a direction vector oriented in the direction of the 
5 j"' acoustic senisor; sfi) is the output time series response recorded by the j* 

acoustic sensor, n is the number of acoustic sensors, and (x • uj, (y • Qj), 
and (z • Oj) represent vector inner products. 

^r. . . The acoustic receiver of Claim 1, said acoustic receiver having a • 
.longitudinal axis, andjyherein at least,oiie acoustic^ sensor is briented sibltanti'ally 
-.tP^^ to.Sf;<i-lGngitudinal.axisipfTsaidreGew^^ sensors 
: ; L^? substantiaUy .perpendicular: to. said longitudinal axis: ' ' 

5. The acoustic received 6f Claimi t, said adoustic receiver having a" 
longitudinal axis and wherein at least ooe of , said acoustic sensors is oriented 
substantially paraUel to said longitudinal axis of said receiver and four acoustic 
15 sensors are oriented substantially perpendicular to :said,loi}gitudinal axis.of ;said 
receiver, said four perpendicular acoustic sensors being angularly, oriented at 
approximately 0°, 45«, 90«, and 135°, respectively, from a designated reference 
position. . . /; -'■ 



20 



6. A method for sensing acoustic-waves and generating orthogonal 
triaxial acoustic response data representative of said acoustic waves comprising: 
providing at least four acoustic sensors oriented in at least four different 
directions, each of said acoustic sensors adapted to produce an 
electrical signal in response toian-acdiistic wave impinging thereon; 
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combining said electrical signals to yield orthogonal triaxial acoustic 
response data. 

7. The method of Claim 6 wherein at least five acoustic sensors are 
oriented in at least five different directions and wherein said electrical signals are 

5 combined by wiring said acoustic sensors in two series pairs to produce a combined 
output along two of the three orthogonal axes. 

• - .** * > 

8. The method of Claim.6-, wherein said electrical signals are combined 
using comprises electronicgairi'ahd sumiriation circuits adapted to formulate said 
orthogonal triaxisd acoustic, response dat^ to the following equations: 

. n 



10 



A . #,1 ^ ■ !!i llj ii 



j=i i . • 



where x(t), y(t) , .and; z(t) are said ptthogonal triaxial acoustic response data; 
X , y , and z are unit m^nituia.e.cKret^ vectors in three mutually orthogonal 
15 directions; Uj is a direction vector o;nenled in the direction of the acoustic sensor; 
Sj(t) is the output time series resplinse recorded by the j^' acoustic sensor, n is the 
number of acoustic sensors, and (x • Uj), • tij), and (z • Uj) represent vector 
inner products. 
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FIG. 1 
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